We report on the culture growth and stress-induced secondary carotenogenesis in a biotechnologically promising but largely unexplored chlorophyte Coelastrella rubescens strain Vinatzer/Innsbruck V 195. Changes in the cell morphometry, biomass accumulation, its carotenoid and fatty acid profiles were followed in the cultures supplemented with either inorganic (CO 2 ) or organic (sodium acetate) carbon on the background of low-pH stress. Collectively, the results of the study characterize C. rubescens as a biotechnologically promising, potentially double-purpose organism. It produces several secondary keto-carotenoids with a considerable proportion of astaxanthin and canthaxanthin. At the same time, the cell lipid fatty acid profile of this microalga is suitable for obtaining a high-quality biodiesel complying with the strictest EN14214 European standard.
INTRODUCTION
Recent decades were marked by explosive growth of interest to carotenogenic microalgae as an important source of value-added natural carotenoids (Car)-a much sought-after nutraceuticals, cosmetics and medicine components with a plethora of beneficial effects on health (Lorenz and Cysewski 2000 , Leu and Boussiba 2014 . Despite rapid expansion of knowledge of the biology of and growing number of reports on these microalgae as novel sources of Car (Boussiba 2000 , Lorenz and Cysewski 2000 , Leu and Boussiba 2014 , the number of industrially grown carotenogenic microalgae remains essentially unchanged for a long time including the chlorophytes Haematococcus pluvialis (Han et al. 2013) and Dunaliella salina (Borowitzka 2013) . A common reason for this is a lack of in-depth knowledge and hence the absence of a universal screening strategy for new carotenogenic microalgae, a group constituted by the organisms vastly different in terms of (Kaufnerová and Eliáš 2013) .
MATERIALS AND METHODS

Strain and its molecular identification
For the genomic DNA isolation, microalgal biomass sample (2-5 mg DW) was collected and subjected to three cycles of liquid nitrogen freezing-thawing to destroy the though cell walls. DNA was extracted using MagJET Plant Genomic DNA Kit (Thermo Scientific, Billerica, MA, USA) according to the manufacturer's protocol. Quality of the DNA was evaluated by electrophoresis in 1.5% agarose gel stained with ethidium bromide (0.2 µg mL -1
). The DNA sequences encoding 18S rRNA from nuclear ribosomal gene cluster (18SrRNA) was amplified by polymerase chain reaction (PCR) as described in Buchheim et al. (2013) using following primers: internal transcribed spacer (ITS) 2, gctgcgttcttcatcgatgc; NS1, gtagtcatatgcttgtctc. PCR product was purified with Cleanup Standard (Evrogen, Moscow, Russia) reagents according to manufactures protocol and sequenced with using BigDye Terminator v. 3.1 (Applied Biosystems, Foster City, CA, USA) reagents on 3730 DNA Analyzer (Applied Biosystems) automated sequencer.
During the analysis of the obtained DNA sequences homologous sequences were searched against NCBI GeneBank (nucleotide collection nr / nt database) using BLAST (http://blast.ncbi.nlm.nih.gov/) software (Altschul et al. 1990 ). The sequences were further analyzed with MEGA 6.06 software (Tamura et al. 2013 ). Multiple alignment was performed using 10 iterations of the MUSCLE algorithm (Edgar 2004 ) with other parameters set to default values.
Phylogenetic trees were constructed with using maximum likelihood and neighbor-joining algorithms (Saitou and Nei 1987) with K2 model of evolutionary distance calculation and other parameters set to default values in MEGA 6.06. The accuracy of the tree topology was tested using bootstrap analysis (Felsenstein 1985) with 1,000 replicates. their taxonomy, biology, and ecology. This diversity complicates screening for promising producer strains suitable for development of economically viable technologies of Car-enriched biomass generation. Another reason is the tough competition of the natural Car from microalgae with their synthetic counterparts which almost drove out of market natural Car-based feed additives (Lorenz and Cysewski 2000) .
Organisms capable of producing a broader line of marketable bioproducts such as value-added keto-carotenoids (e.g., astaxanthin and cantaxanthin) and neutral lipids convertible to biofuel might have an advantage allowing to develop more diversified biotechnologies using the biorefinery approach (Lam and Lee 2011 , Borowitzka and Moheimani 2013 , Subramanian et al. 2013 . In this context, a chlorophyte Coelastrella (Scotiellopsis) rubescens Kaufnerová et Eliáš 2013 (Sphaeropleales, Scenedesmaceae) can be considered as a promising organism with several traits beneficial from the standpoint of mass cultivation. Coelastrella rubescens combines the capability of co-accumulation of secondary Car (up to 2% DW) and lipids (up to 50% DW) with high tolerance to diverse stresses (Chubchikova et al. 2009 . Still, the literature available to us contains scarce reports on suitability of C. rubescens for biotechnological production of value-added Car and / or lipid precursors of biodiesel. Recently, we characterized the growth and nutrient uptake kinetics of green (vegetative) cells of C. rubescens IPPAS H-350 under pH-stat conditions maintained by controlled direct injection of CO 2 into the culture (Minyuk et al. 2016 ), but the stress-induced carotenogenesis, the process essential for industrial scale production of the valuable Car pigments, remained so far unelucidated in this organism.
This work aimed at characterization of secondary carotenogenesis and fatty acid (FA) profile C. rubescens under two-stage batch cultivation condition. Instead of focusing on individual stress effect, we applied a combination stressor including raising the irradiance and deprivation of nutrients by dilution of the culture. We followed the changes in cell morphometry and culture productivity. In addition, we tested a novel approach to enhancement of the secondary ketocarotenoid biosynthesis by acidification of the medium to рН 5 by direct СО 2 injection and / or addition of organic carbon source sodium acetate, NaAc (to the final level of 25 mmol).
http://e-algae.org to 5.0 (Zhang et al. 1997 ) adjusting the CO 2 inflow (this variant was designated as 'CO 2 ') or supplemented the culture with sodium acetate, CH 3 COONa·3H 2 O (Kobayashi et al. 1993) , the latter treatment was designated as 'NaAc.' Sodium acetate was supplemented at 2, 4, and 6th day of cultivation as 2 M solution to a final concentration of 25 mmol L -1
. A culture receiving no additional carbon source served as the control in these experiments.
Monitoring of the culture growth and cell size
The number (n) and volume (V) of the cells were analyzed using a flow cytometer (Hyka et al. 2013 ) FC 500 CytomicsTM λ 488 (Beckman Coulter, Brea, CA, USA). Cell n was evaluated on the log-scaled two-parameter cytograms of forward scattering. Linear cell size was measured on micrographs captured with a photomicroscope Leica DM-1000 (Leica Biosystems, Nussloch, Germany) using ImageJ software (NIH, Bethesda, MD, USA). Cell volumes were calculated using equation for elongated spheroid volume basing on 100 sampled cells.
Dry weight was determined gravimetrically on nitrocellulose membrane filters Sartorius SM 11301 N (Sartorius, Goettingen, Germany) with a pore size of 3 µm (Vonshak 1985) .
Average yield (P AVG ) and specific growth rate (µ AVG ) were calculated for the period of 0-10 days on the cell number and DW basis (Wood et al. 2005 ), where µ is a mean specific growth rate on cell number basis (Wood et al. 2005) .
Pigment assay
Pigments were extracted with dimethyl sulfoxide (Pal et al. 2011) or acetone (high-performance liquid chromatography [HPLC] grade; Merck, Darmstadt, Germany) using the same extraction procedure. Content of chlorophyll (Chl) a and b and total Car in the extracts was determined with a spectrophotometer Agilent Cary 300 (Agilent, San-
Cultivation conditions
The stock culture was maintained in the solidified (1.5% agar) BBM medium (Bishoff and Bold 1963) . In subsequent experiments, we employed two-stage cultivation as a proven approach for study of carotenogenic microalgae (Boussiba 2000, Fábregas et al. 2001 .
At the first ("green") stage the microalga was batchcultivated for 11 days in 1 L Erlenmeyer flasks in the modified BBM medium containing NaNO 3 1,310 mg L , CaCl 2 18.9 mg L -1 + 1 µL of concentrated H 2 SO 4 at 25 ± 1°C and a unilateral side illumination with daylight fluorescent lamps "Feron" DL 20W 6400K (Russia), 140 µmol PAR quanta m -2 s -1 (as measured at the flask surface), 15 h light : 9 h dark. The culture was continuously sparged with air at a rate of 1 vvm using a compressor Resun China) . During the light period, the pH was maintained at a constant level (7.0 ± 0.05) by means of direct supply of CO 2 from a gas cylinder controlled by solenoid valves Camozzi А7Е (Camozzi, Brescia, Italy) and a digital pH controller Aqua Medic pH 2001C (Aqua Medic GmbH, Bissendorf, Germany). A culture started at a pH 7.0 and sparged with atmospheric air only served as the control. The initial cell density and volume of the cultures were 1.0 × 10 6 ± 0.16 × 10 5 cells mL -1 and 0.45 L, respectively. To induce carotenogenesis (the second, "red" stage of cultivation), the cells were pelleted by centrifugation (770 g, 2 min) on an Eppendorf 5810 centrifuge (Eppendorf, Hamburg, Germany) and re-suspended in 0.45 L of the modified BBM medium with 10-fold reduced N and P content (4.12 mg L -1 NO 3 -N; 5.32 mg L -1 PO 4 -P). The starting cell density was, as a result, 2 × 10 6 cells mL -1 , i.e., 11-fold lower in comparison with the cell density attained by the end of the "green" stage. At the "red" stage, the cultures were illuminated from both sides (the total PAR irradiance of 240 µmol PAR quanta m -2 s -1
). Considering the reduced cell density at the "red" stage, the effective irradiance at this stage is estimated to be 20-fold higher than that employed at the "green" stage constituting the stress necessary for the induction of secondary carotenogenesis.
To provide an additional stress inducing the biosynthesis of the secondary Car, we lowered the pH of the culture and Kalina 1981, Kaufnerová and Eliáš 2013) . Towards this end, the fragment of genomic DNA encoding 18S rRNA (predicted length 2,200 bp) was isolated and sequenced (GenBank ID KT962984). The homology search using BLAST showed the maximal (95-99%) identity of the obtained sequence with 18SrRNA gene of microalgae from the family Scenesesmaceae as can be seen from the phylogenetic tree (Fig. 1) . The strain IPPAS H-350 clustered with microalgae from family Scenedesmaceae (such as Coelastrum, Scenedesmus, Acutodesmus) forming a sub-group with microalgae S. terrestris CCAP-279-1, C. striolata CAUP H 3602, Coelastrella sp. KGU-HN001. The BLAST search revealed the highest similarity of the 18Sr-RNA sequences among the genera Scotiellopsis Vinatzer and Coelastrella Chodat so the used locus did not provide enough selectivity to discern reliably the genera Scotiellopsis and Coelastrella based solely on 18SrRNA sequence data.
At the same time, Scotiellopsis clearly differs from Coelastrella by the presence of polar thickenings (Punčochářová and Kalina 1981, Kaufnerová and Eliáš 2013) although Hanagata (1998) proposed joining these two genera with the genus Scenedesmus on the grounds of high similarity of their 18SrRNA sequence. Subsequent analysis of compensatory base changes in the ITS II of the nuclear ribosomal gene cluster and 18SrRNA carried out by Kaufnerová and Eliáš (2013) revealed the paraphyletic nature of the genus Scotiellopsis. As a result, the type species S. rubescens was transferred to genus Coelastrella with name C. rubescens. Accordingly, the currently most correct name of the studied strain IPPAS H-350 is likely C. rubescens and Scotiellopsis rubescens and Scenedesmus rubescens are its basyonims. At the same time, the systematic of the chlorophytes within the order Sphaeropleales is still far from established and further changes might be expected.
Specifics of the two-stage cultivation of Coelastrella rubescens
Changes in the cell morphology and physiology at the "green" stage. The two-stage batch culture is a proven approach for screening and characterization of carotenogenic microalgae. This method provides a large body of diverse valuable information about the algal growth and metabolism from a single experiment. In this approach, the Car productivity of the culture is constituted by the two key component: cell division rate under optimal conditions at the "green" stage and survival of the cells and Car biosynthesis rate under the stress at the "red" stage. ta Clara, CA, USA) (Lichtenthaler 1987 , Solovchenko et al. 2010 . The Car profile was resolved by HPLC as described previously .
Cell composition analysis
Lipids were extracted using the method of Bligh and Dyer (1959) . Total cell lipid content was determined by a colorimetric sulfo-phospho-vanilin method (Ahlgren and Merino 1991) via a calibration curve constructed with food grade olive oil (ABEA, Chania, Greece) purified on a Al 2 O 3 column. Average culture lipid productivity at the "red" stage was calculated as P L = (L 1 -L 0 ) / (t 1 -t 0 ), where L 1 and L 0 are total lipid contents at the beginning (t 0 ) and at the end (t 1 ) of the "red" stage.
FA composition of the cell lipids was determined by gas chromatography mass spectrometry of the FA methyl esters obtained by direct transesterification of cells . The FA profile data were used for prediction of the properties of the biodiesel (Islam et al. 2013) potentially obtained from the C. rubescens biomass with the corresponding FA profile.
Total protein was assayed using the Lowry method (Lowry et al. 1951 ), carbohydrates were assayed using a phenol-sulfur reagent (DuBois et al. 1956 ).
Assay of nutrients in the medium
The concentration of NO 3 -in the medium was monitored using a nitrate-selective electrode 9307BNWP (Thermo Orion, Beverly, MA, USA), concentration of PO 4 3--by the Murphy-Riley colorimetric method (Murphy and Riley 1962) .
All experiments were carried out in three biological replications with three analytical replications for each. Mean values and their standard deviations are shown in the figures, unless stated otherwise. The significance of the difference between the averages was tested using Student's t-test (р < 0.05).
RESULTS AND DISCUSSION
Confirmation of the taxonomy status of the studied strain
In the beginning of the work it was essential to confirm the taxonomical status of the studied microalgal strain using a molecular identification-based approach due to recent revisions in this taxonomy domain (Punčochářová http://e-algae.org Car / Chl mass ratio above 0.35 and hence feature a higher stress tolerance, the mortality dropped drastically to 4% (Minyuk 2008) . In this work, we tested if the same pattern applies to C. rubescens. We subjected pre-stationary cultures of this microalga to the stress with simultaneous recording of their functional condition (growth rate, cell morphology and nutrient uptake).
Combination of cell suspension dilution, nutrient limitation and increase of the incident irradiance (for more detail, see Materials and Methods) reliably induced secondary carotenogenesis in the carotenogenic microalgae , Chelebieva et al. 2013 , Han et al. 2013 . Here, we tried to boost carotenogenesis by supplying extra carbon sources. This treatment is expected, on one hand, to increase the carbon flow into the Car bioNotably, a severe combination stress (e.g., elevated irradiance and essential nutrient deprivation) is often applied at the "red" stage (Boussiba 2000 , Fábregas et al. 2001 . In this work, we achieved these conditions by diluting the "green"-stage pre-cultures.
As was earlier shown for Haematococcus pluvialis (Wang et al. 2014) , physiological condition and growth phase during the stress-induction of secondary carotenogenesis are crucial for the cell survival and hence for the productivity at the "red" stage. In physiologically homogenous "green" cultures dominated by monad cells devoid of secondary Car, the stress could lead to a mortality rate as high as 40-60%. In more heterogeneous cultures including, apart from the monad cells, a sizeable proportion of immotile palmelloid cells which possess inhibition of catalase, a key antioxidant enzyme (Beers and Sizer 1956, Özben 2013) .
As was shown earlier, supplementation of the culture with 50 mmol NaAc during the transition from the "green" to the "red" stage enhances the secondary Car content in the cells more than two-fold. However, there was no measurable increase in the Car productivity due to a considerable increased in the cell mortality . Therefore, to avoid the excessive the cell mortality, we supplemented NaAc thrice with 2-d intervals, half of concentration normally used in previous our experiments with C. rubescens (0.25 mmol).
Changes in the cell morphology and physiology at the "green" stage. The kinetics of growth of and nutrient uptake by the batch culture of C. rubescens in the "green" stage are shown in Fig. 2A , see also Supplementary Fig. S1 . Under our experimental conditions, the maximum and average specific growth rates were 0.95 ± 0.09 and 0.32 ± 0.002 d . By the end of the "green" stage, the growth rate of the culture slowed down. The culture represented a homogenous suspension of individual cells lacking the cell aggregates typically formed by this species under adverse conditions .
The cells took up NO 3 -and PO 4 3-from the medium in a molar ratio of 15.4 at an average rate 64.86 ± 6.77 and 9.35 ± 0.71 pg per 10,000 newly formed cells, respectively. The residual nutrient content in the medium was, by the end of the "green" stage, 25.03 ± 3.92 mg L -1 NO 3 -and 2.96 ± 0.97 mg L -1 PO 4 3-(12.5% and 10.5% of the initial consynthesis pathway and, on the other hand, to exacerbate the stress contributing to the excess of fixed carbon on the background of limited sink capacity of the cell metabolism at the "red" stage (Lemoine and Schoefs 2010 , Recht et al. 2014 , Solovchenko 2015 . To increase the stress intensity, the carbon oversupplementation in form of NaAc addition (Kobayashi et al. 1993) or CO 2 addition was combined with acidification of the culture medium to a level considerably below the optimum for green algae via CO 2 injection (Zhang et al. 1997) . Thus, the exposure to elevated CO 2 levels enhanced accumulation of astaxanthin in Chlorococcum sp. (Zang et al. 1997) , Chlorella zofingiensis (Kessler and Czygan 1965) and Chlorococcum wimmeri (Brown et al. 1967) , likely due to disturbance of the cell pH homeostasis Khozin-Goldberg 2013, Liu et al. 2016) . In another experimental treatment, additional source of organic carbon was used (NaAc). In the lower concentration range (<10 mmol) NaAc is readily consumed by chlorophyte species capable of mixotrophic growth (Haematococcus pluvialis, Micractinium pusillum, Chlamydomonas reinhardtii, Chlorella sp., etc.). Although supplementation of cultures with NaAc facilitates the growth under insufficient light energy conditions, higher concentration of NaAc impair growth in dose-dependent manner (Heifetz et al. 2000 , Bouarab et al. 2004 , Minyuk 2008 , Ji et al. 2013 . In astaxanthin-producing species NaAc concentrations in the range 45-100 mmol exacerbate the low-nutrient and high-light stresses considerably promoting thereby the accumulation of the secondary carotenoids (Kobayashi et al. 1993 , Sarada et al. 2002 , Minyuk 2008 , Yu et al. 2015 , likely via an increase in reactive oxygen species (ROS) formation mediated by Fig. 2 . Changes in the cell number and biogenic element contents in the Coelastrella rubescens culture at the "green" cultivation stage (A) and size distribution of the cell population at the 11th day оf cultivation (B). lebieva et al. 2013) . In the present work, the cell division stopped already at the second day, so the cell density of the carbon-supplemented cultures declined considerably to the end of the "red" stage. Remarkably, the mild NaAc stress did not increase the cell survival in this experimental variant. On the contrary, the cell mortality was the highest in this case and like that normally occurring after a single addition of NaAc to the concentration of 50 mmol (Chubchikova et al. 2009 ). It is likely that in the young Coelastrella cells exposure to 25 mmol NaAc at the second day of cultivation resulted in an increase in the ROS level (Kobayashi et al. 1993 , Yu et al. 2015 hence the cessation of cell division; repeated addition of NaAc lead to a decline in the culture density. A similar effect might take place in the СО 2 over-supplemented cultures. Thus, in Thalassiosira weissflogii cells an abrupt decline in рН triggered a dramatic increase in malonic dialdehyde, the product of lipid peroxidation and a marker of oxidative stress (Liu et al. 2016 ). Still we did not observe the mass death of young cells such as took place in H. pluvialis cultent, respectively). The cell size distribution of the culture was governed by young cells (V ≤ 60 µm 3 ; 85% of total cell number including 20% of the small, newly released autospores, V = 10-20 µm 3 ). The older cells (V > 120 µm 3 ) were below 2% (Fig. 2B) .
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Culture growth and cell morphology as a function of cultivation conditions at the "red" stage
A characteristic response of C. rubescens to abrupt stress triggering the accumulation of secondary Car brought about a short transient increase of cell division rate regardless of the nature of the stress (Fig. 3A) . After one day of stress, the cell number increased by 43% in the air-sparged control and by 55-56% in the cultures supplemented with CO 2 . A similar response to the same stress was observed in Ettlia carotinosa Komárek 1989 (Volvocales), although the cell division in E. carotinosa did not stop almost to the end of the "red" stage resulting in a considerable (7.4-fold) decline in the cell volume (Che- Fig. 3 . The changes in number (A) and average size (B) of the Coelastrella rubescens cells at the "red" stage and cell size distribution (C-E) in the culture at the eighth day with air sparging (curve 1) (C), CO2 injection (curve 2) (D), or NaAc supplementation (curve 3) (E).
A C D B E
are nearing the resting state (Andreyeva 1998) . In these cultures, the spherical cells amounted, at the eighth day, 42% and 33%, respectively. The NaAc supplementation did not affect the cell form distribution in the cultures.
Pigment content and composition of Coelastrella rubescens cells at different cultivation stages
The most characteristic and spectacular stress responses in carotenogenic microalgae are constituted by the drastic change of their pigment profile (Boussiba 2000 , Lemoine and Schoefs 2010 , Shah et al. 2016 . This type of a response was documented in the stressed C. rubescens cells (Fig. 4) . Taking into account that a considerable increase of average cell volume by the end of the "red" stage took place in all experimental variants, but to a significantly different extent, we normalized pigment content to the cell volume. Content of Chl а and b tures under the same conditions resulting in the loss of a large part of the cells accumulated at the "green" stage. In all variants studied, the cell density of the C. rubescens cultures increased by 30-50% by the end of the experiment.
The cessation of cell division was accompanied by the characteristic changes in cell size distribution constituted by the 2.5-to 4.0-fold increase in the average volume of autospores by the end of the "red" stage ( Fig. 3B-E) . These changes were most pronounced in the cultures supplemented with СО 2 (рН 5) where the proportion of large (V > 120 мкм 3 ) senescing cells increased from 2 to 65% whereas the control (рН 7.9-9.2) and the NaАс-supplemented cultures (рН 7.9-8.9) features 1.5-to 2-time lower proportion of these cells (Fig. 3C-E) .
At the same time, the cells of the СО 2 -supplemented and control cultures changed their cell shape from elliptic (L/D = 1.05-1.8) to spherical suggesting that the cells http://e-algae.org mented cultures was not apparent since the latter took a bright orange color whereas the NaAc-supplemented cultures remained brown. This change of the culture color was a visual manifestation of the two opposite-directed processes: degradation of the photosynthetic pigments (chlorophylls and primary Car) and accumulation of secondary Car as evidenced by the characteristic changes of the C. rubescens cell extract absorbance spectra (not shown) and their Car profiles resolved by HPLC (Table 1 , Fig. 5 ). The data on the secondary Car in stressed Coelastrella cells appeared to be surprisingly scarce in the literature available to us; for a remarkable exception . Therefore, we paid special attention to the composition of these pigments in studied microalga. A considerable decline in photosynthetic pigment (Chl a and b as well as lutein) took place along with the build-up of cantaxanthin and monoesters of ketocarotenoids (Fig. 5) . Qualitatively, the composition of the secondary Car accumulated during the stress exposure resembled that in a H. pluvalis strain IPPAS H-2018 isolated from White Sea excepting the presence of notable amounts of expressed per µm 3 of cell volume declined during 8 days by 14-31 (Fig. 4D ) and 12-26 times (Fig. 4E) , respectively. Remarkably, the largest extent of Chl decline was found in the control culture limited by the three main nutrients (N, P, inorganic C) whereas the highest retention of Chl was typical of the NaAc-supplemented culture. Noteworthy, the cell volume-based representation of the pigment content turned to be handy for the analysis of the data on the microalgal pigment composition. Thus, the cell density-based content of total Car attained by the end of the "red" stage (0.8-1.1 pg cell -1 ) did not differ significantly from the initial value (1.0 pg cell -1 ) regardless of the stress treatment. By contrast, the cell-volume based Car content (Fig. 4C) and their DW percentages (Fig. 4I ) declined 3.0 to 3.7-and 2.1 to 6.1-fold, respectively, by the end of the "red" stage.
Unexpectedly, the NaAc-supplemented cultures displayed the lowest total Car percentages of DW and a lack of Car accumulation (-0.002 mg L -1 d -1 vs. 0.25 or 0.18 mg L -1 d -1 in the air-sparged control or the CO 2 -supplemented cultures, respectively).
The decline of Car productivity in the CO 2 -supple- 
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CO 2 -supplemented cultures, respectively suggesting the feasibility of commercial production of carotenoids with C. rubescens under the studied conditions.
Proximate composition of the stressed Coelastrella rubescens cells
The nutrient-starving cells of C. rubescens vigorously accumulated DW (Fig. 6A-C) : its content in the 11-fold diluted cultures increased 2.4-to 2.6-fold over 8 days of cultivation (Fig. 6A) . This acclimatory response is common for all carotenogenic microalgae. Its magnitude depends on the nature and intensity of the stress as well as on the microalgal species (Boussiba 2000 , Lemonie and Schoefs 2010 , Juneja et al. 2013 . In this case average DW productivity of С. rubescens did not differ in the air-sparged control and the СО 2 -supplemented cultures (77.8-77.9 mg L -1 d -1
) whereas it was considerably lower in the NaАс-supplemented cultures (28.8 mg
) in accord with a lower final cell density ( vs. 1.53 ± 0.16 or 0.85 ± 0.20 pg µm -3 in the control or СО 2 -supplemented cultures, respectively (Fig. 6C) .
Enhanced accumulation of dry weight in the presence of NaAc is likely due to the ease of its assimilation by chlorophyte cells which readily take up and assimilate NaAc via several metabolic pathways accepting acetyl-CoA (Wiessner 1979, Nelson and Cox 2013) . Another possibility under illuminated conditions is oxidation of NaAc to CO 2 with subsequent assimilation of the latter in the biocanthaxanthin and adonixanthin monoesters.
The presence of a large (30-60% of the total Car) amount of photosynthetic Car and astaxanthin precursors in the cells of the 8-day-old "red" stage culture suggested that formation of the secondary Car pool and hence the transition of the microalga to the resting stage was incomplete. Further optimization of stressing conditions (duration of the "red" stage, irradiance, chemical stimulation of secondary carotenogenesis) might turn to be necessary for acceleration of the aplanospore maturation and increase in the proportion of secondary ketocarotenoids in total Car. This finding can also indicate that C. rubescens belong to a peculiar group of chlorophytes (mainly edaphophylic and aerophylic) whose resting cells feature a complex composition of secondary Car dominated by astaxanthin together with its precursors Lee 2000, Abe et al. 2007 ). Still, this species holds a promise for biotechnology due to its advantages such as high growth rate exceeding that of Н. pluvialis and considerably higher environmental stress tolerance. According to our preliminary estimations, the upper limit of heat stress tolerance in the rapidly dividing "green" cells of C. rubescens is 33-35°С whereas the temperatures 40-42°С induce the transition to the "red" stage. Furthermore, this organism is suitable for outdoor cultivation in open systems since, at a sufficiently high cell density, its cultures are relatively resistant to algal contamination and protozoan grazing (not shown). Considering the 11-fold dilution of the culture during the transition to the "red" stage and the initial cell density of 1.1 × 10 6 cells mL -1 (0.17 ± 0.01 g L -1 DW), the net Car productivity was 2.75 ± 0.49 or 2.03 ± 0.19 mg L -1 d -1 in the air-sparged control or the 
Changes in fatty acid profile and suitability to conversion into implication biodiesel
The accumulation of lipids in С. rubescens occurred along with decline in their FA unsaturation which is typical of carotenogenic microalgale under stress (Lemoine and Schoefs 2010, Solovchenko 2013) . The main driver of this processes was a dramatic (2.3-to 2.7-fold) decline in trienoic FA (α-linolenic acid, ALA, С18:3 ∆9,12,15 and hexadecatrienoic acid, С16:3 ∆4,7,10 ) on the background of nearly 3-time increase in monounsaturated FA (mainly oleic acid, OA, С18:1 ∆9 ) ( Table 2 ). Net result of this was a 1.3-fold decline of the lipid FA Unsaturation Index (UI) and a dramatic (11-to 15-fold) buildup of the OA / ALA ratio which is perfectly in line with the FA profile changes observed in other chlorophytes including carotenogenic species (Solovchenko 2013) .
Acidification of the medium to the рН 5 by CO 2 injection significantly affected Car DW percentage (Fig. 4) but exerted a little effect on the FA profile except a weak syntheses of carbohydrates and lipids (Singh et al. 2014) .
We documented a sharp decline in protein percentage of DW (from 31.8 to 8.2-16.5%) (Fig. 6D ) typical of the stressed of carotenogenic microalgae cells (Boussiba 2000) . Particularly, decline in the protein content of the cell might be related with nitrogen shortage and re-allocation of this essential nutrient by means of stress-induced autophagy (Pérez-Pérez et al. 2012, Nelson and Cox 2013) . The maximum decline in the protein percentage of DW (74% of the initial level) was recorded in the CO 2 -supplemented cultures. At the same time, the stressed cultures displayed the slow-down of cell division and accumulation of carbon-rich reserves, mainly lipids. Lipid DW percentage comprised 1.2-to 1.5-fold in all stressed cells (Fig. 6E) , whereas a significant carbohydrate content took place only in the cultures supplemented with NaАс (by 20.4%) (Fig. 6F) . The average lipid productivity in the airsparged and CO 2 -supplemented cultures was two times higher than in NaAc-supplemented cultures (61.03 ± 4.08 and 67.37 ± 5.60 vs. 31.31 ± 1.97 mg L -1 d -1
). Taking into account the initial cell density of 1 × 10 6 cell mL -1 and 11-fold dilution before the onset of the stress, the lipid productivity (and total lipid yield, P AVG over 19 alga we used the empirical equations (Islam et al. 2013 , Karpagam et al. 2015 relating the FA profile of the biomass and properties of the biodiesel generated from it. Biodiesel fuel specifications as given by the international standard EN14214 in Europe (Hoekman et al. 2012) . Generally, cetane number, iodine number, saponification number, degree of unsaturation, long chain saturation factor, and cold filter plugging point were calculated from the FA profile (Table 3 ). The biomass obtained at the "green" stage enriched in lipids harboring two essential FA (linoleic acid and ALA, totaling to 50% of total FA) can be utilized for the production e.g., of food and feed additives. By contrast, the biomass obtained at the "red" stage is highly suitable for obtaining of high quality biodiesel according to the European standard EN14214, the strictest international standard for biodiesel.
CONCLUSION
We studied stress-induced changes, including the secondary carotenogenesis, in a biotechnologically promising strain IPPAS H-350 of the chlorophyte C. rubescens Vinatzer/Innsbruck V 195 which largely escaped the attention of researchers so far. The data on the biomass accumulation and its biochemical composition obtained for the stressed cultures suggest that it is a potentially double-purpose organism. On оne hand, C. rubescens can represent a source of secondary Car mixture with a considerable proportion of a value-added ketocarotenoids astaxanthin and canthaxanthin. The biomass of the microalga enriched in Car can be converted to feed additive. On the other hand, the total cell lipids of the microalga can be converted to a high-quality EN14214 standardcomplying biodiesel. Unlike other carotenogenic microalgae, C. rubescens did not respond by increase in the Car productivity of the cultures to supplementation with (5.5%) decline in monounsaturated and saturated FA. At the same time, a notable (26.5%) increase in trienoic FA (ALA and С16:3 ∆4, 7, 10 and С18:3 ∆9, 12, 15 ) was documented in this experimental variant (Table 2) .
A potentially beneficial trait of the increase in the C. rubescens cell lipid FA saturation at the "red" stage is increase of its suitability for the conversion into biosiesel. To estimate the suitability of the cell lipid FA of the micro- either inorganic (CO 2 ) or organic (NaAc) carbon on the background of the low-pH stress. C. rubescens features a complex composition of secondary Car dominated by astaxanthin together with its precursors. Still, this species holds a promise for biotechnology due to its advantages such as high growth rate exceeding that of Н. pluvialis and considerably higher environmental stress tolerance.
